Introduction
Once acquired, memories are subject to modification. One mechanism by which this can be achieved 49 involves the phenomenon of memory reconsolidation (Lee, 2009; Nader and Hardt, 2009; Lee et al., 50 2017). In reconsolidation, a memory is first destabilized (Ben Mamou et al., 2006) . Following 51 destabilization, the memory is restabilized, or reconsolidated, during which process the memory can be 52 strengthened pharmacologically (Tronson et al., 2006) and new, updating information may be integrated 53 (Lee, 2008 (Lee, , 2010 , which are known to be required for memory destabilization (Suzuki et al., 2008) . 62 63 We hypothesised, based upon the apparent function of reconsolidation to update memories and the 64 success of exploiting this to weaken memory expression, that reconsolidation might be similarly 65 harnessed also to strengthen hippocampal memory expression. While simple additional learning in 66 isolation certainly does strengthen memories (e.g. Lee, 2008) , retrieval that induces destabilization can 67 also be an effective method of increasing fear memory expression (Inda et al., 2011 ; De Oliveira Alvares 68 et al., 2013). However, while both of these contextual fear memory-strengthening effects have been 69 shown previously to involve hippocampal destabilization-reconsolidation (Lee, 2008 ; De Oliveira 70 5 Alvares et al., 2013), previous contextual fear memory studies have not attempted to combine 71 destabilization-inducing retrieval with additional relearning. Based upon the hypothesized conceptual 72 similarity between retrieval-extinction and the proposed retrieval-relearning, we would predict that any 73 memory-strengthening effect should be subject to the same temporal "reconsolidation window" of 74 effect, which includes 10-60-min intervals, but not a 6-hr interval, between retrieval and extinction 75 (Monfils et al., 2009 ). 76 77 Interestingly, studies of human associative memory have traditionally focused on the beneficial, 78 memory-enhancing effects of retrieval, rather than the destabilizing or updating effects. It is a well-79 established observation in the cognitive psychology literature that memory testing (i.e., retrieval) is at 80 least as effective in supporting subsequent performance as is additional learning (Roediger and 81 Karpicke, 2006) , and much more effective than additional learning when performance is assessed at long 82 delays, especially when combined with immediate feedback. In fact, it has recently been argued that 83 retrieval can act as a fast consolidating event for newly acquired memories (Antony et al., 2017). While 84 some empirical studies have confirmed that memory retrieval which likely induces destabilization can 85 itself strengthen memory (Forcato et al., 2011), it has not previously been shown that retrieval, via 86 destabilization and reconsolidation, opens a temporally-limited window of opportunity for a memory to 87 be strengthened by additional experience. We here test explicitly such a hypothesis using contextual fear 88 conditioning in rats, in which the cellular mechanisms of destabilization and reconsolidation are well 89 delineated, and associative learning in humans.
91
For the present series of experiments, we predicted that the combination of a single destabilization-92 inducing memory retrieval with a single additional relearning session shortly thereafter would confer 93 6 greatest memory enhancement when arranged in a manner to engage reconsolidation (i.e. relearning 94 occurring after, rather than before, retrieval and within the reconsolidation window). Moreover, we 95 predicted that this retrieval-relearning double experience would exceed any memory gains afforded by 96 retrieval practice alone and would both rely upon memory destabilization and recruit cellular 97 mechanisms of reconsolidation. Recent evidence using inhibitory avoidance memories supports the 98 behavioral prediction (Du et al., 2017), but does not show a conclusive dependence upon destabilization 99 and reconsolidation. Therefore, using near-threshold parameters of conditioning (in order to avoid 100 ceiling effects), we exposed rats to subsequent retrieval and relearning within an uninterrupted session 101 or with varying inter-trial intervals. We also employed a reverse order condition (i.e. relearning followed 102 by retrieval) as a comparative approach to strengthen memories. Following confirmation that the 103 combination of retrieval and relearning strengthened hippocampal contextual fear memories in a 104 reconsolidation-dependent way, we applied the same strategy to weakly-learned human episodic paired- Rodent sample size was determined by power analyses assuming the effect size would be equivalent that 112 that observed in memory disruption studies. Sample size for the human studies was arbitrarily set a level 113 50% greater than that used in previous human memory reconsolidation studies (Hupbach et al., 2007) . 114 Given the aim of showing memory strengthening, rats that showed >50% freezing after learning were 115 excluded; pilot studies showed that the mean freezing after learning was 27.7%, and ¼ of rats increased 116 % freezing levels by >50 from learning to test. The principles for exclusion criteria in the human study 117 were that initial learning performance should not preclude detection of a population mean strengthening 118 effect; specific details are included in the statistical analysis section. No outliers were excluded from the 119 analyses (all data fell within 2 sd of the mean). Reported endpoints and statistical analytical approach 120 were determined prospectively. 121 The original objectives of the research were to demonstrate whether relearning within the 122 reconsolidation window strengthens contextual fear memory ( Fig 1A) , and whether this depends upon 123 mechanisms of destabilization and reconsolidation. Following the outcomes of these experiments, the 124 further objective of the research was to show analogous results in human paired associate memory. 125 Research subjects and experimental design are described below. Subjects were randomly allocated to 126 experimental group within each cohort of subjects, using a random sequence generator. Experimenters 127 were not strictly blinded to allocation during the conduct of the experiments, but all data processing and 128 analysis was conducted blind to the intervention. 129 Statistical analyses were conducted in JASP (JASP Team, 2016). Contextual freezing was analysed 130 using mixed 2-way ANOVA across both test sessions, with separate one-way ANOVA analysis of 131 freezing during retrieval/reconditioning (either the full retrieval session or the pre-shock period of the re- All rats (whether cannulated or not) received the same behavioral training. Conditioning consisted of a 180 single 3-min session, without any prior exposure to the context, in which rats were exposed to a single 181 0.35-mA footshock for 2 s after 2 min. This near-threshold footshock intensity generated appreciable 182 conditioning, in the form of later contextual freezing, in only a subset of rats, and so allowed for the 183 observation of memory strengthening. On the next day, the experimental retrieval-relearning groups 184 received a non-reinforced retrieval session (2 min re-exposure to the conditioning context), followed at 185 varying times later by a re-conditioning session ( Fig 1A) . Memory strengthening, assessed at tests on 186 days 4 & 11, was compared against a group that had no interval between the retrieval and relearning 187 (retrieval-0min-relearning; operationally, this consisted of a single conditioning session with footshock 188 delivered after 4 min that acted also as a relearning-only control), given that an interval is necessary to anti-rabbit IgG A488, Abcam, AB150073, 1:1000) and DAPI (Cell Signalling, 0.5 g), and then run 215 through a flow cytometer. All gates were set at a fixed position across samples in order to include the 216 most fluorescent group of cells. The DAPI+ gate was used as the stopping gate (10 000 events), so that a 217 set number of events were counted for each sample, allowing a more standardized comparison. Zif268+ 218 cells were considered to be those that were simultaneously DAPI+, NeuN+ and Zif268+ and the 219 percentage of Zif268+ labelling each sample was calculated based on a total cell count of 10 000. 220 Western blot procedures were conducted largely as previously described (Lee and Hynds, 2013) . Blots given. 243 48 hours after learning, the participants returned to the same testing cubicle, with the same experimenter. 244 In the experimental retrieval-10min-relearning group, participants were first presented with the scene 245 images alone (as in the immediate test after learning), and were requested to remember, but not verbalise 246 13 the associated object image. After a 10-min mathematical distraction task, they were then given a second 247 learning session, which was identical in nature to initial learning (but with a randomised order of paired-248 associate presentation). Control groups (7 in total) were conducted in 3 sequential experimental cohorts, 249 with random allocation of participants to the groups within these cohorts: 250 1.
Reversal of the order of retrieval and relearning (relearning-10min-retrieval); presentation of 251 retrieval or relearning alone (followed by the distractor task); no memory experience (control group; 252 these participants simply completed the Big 5 personality test (John and Srivastava, 1999), followed by 253 the distractor task). 254 2. Double presentation of either the retrieval (retrieval-10min-retrieval) or relearning (relearning-255 10min-relearning) sessions, with the same distractor task between the two presentations. 
Results

264
Strengthening of contextual fear conditioning in rats 265 We studied the impact of a various intervals between retrieval and relearning of rodent contextual fear 266 ( Fig. 1A) as previous studies had demonstrated that intervals of 10 min and 1 hr between retrieval and other, and nor did the 15-min and 1-hr delay groups. While the 1-hr delay froze at higher levels than 0-287 min and 6-hr, the 15-min delay group was not significantly higher than the 6-hr group. Bayesian post-288 hoc tests largely supported this pattern, although there was some evidence for a difference between the 289 15-min and 6-hr groups (BF 10 =4.1). So far, this pattern of results confirms that retrieval paired with 290 reconditioning produces more substantial benefits on long-term retention when the reconditioning 291 occurs within a critical time window opened by the preceding retrieval, and that this time window is 292 consistent with a reconsolidation-based process.
294
Contextual fear strengthening is blocked by disrupting memory destabilization 295 If the retrieval-relearning enhancement of fear memory is mediated by a destabilization-reconsolidation 296 process, prevention of memory destabilization should block the increase in freezing. This is a strategy 297 that has previously been employed to conclude a role of reconsolidation in memory modification (Lee, freezing at the tests revealed that the pre-retrieval -lac group froze at lower levels than the vehicle and 305 pre-conditioning -lac groups (Fig 1E) . A significant main effect of group was observed (F(2,18)=13.7, 306 p<0.001,  2 p =0.60, BF Inclusion =173), with a significant effect of session (F(1,18)=13.7, p=0.001,  2 p 307 =0.44, BF Inclusion =17.0), but less evidence for a group x session interaction (F(2,18)=3.11, p=0.069,  2 p 308 =0.26, BF Inclusion =4.5). Post-hoc comparisons of the main effect of group confirmed that the pre-retrieval 309 16 -lac group froze at a lower level than each of the other two groups (p<0.002, Cohen's d>0.95, 310 BF 10 >885), which did not differ from each other. Given the trend towards an interaction, analysis of 311 simple main effects confirmed significant group differences at both tests on day 4 (F(2,18)=15.9, 312 p<0.001,  2 p =0.64, BF 10 =215) and day 11 (F(2,18)=8.2, p=0.003,  2 p =0.48, BF 10 =14.5), with post-hoc 313 comparisons revealing lower freezing in the pre-retrieval -lac group compared to each of the other two 314 groups (p<0.03, Cohen's d>0.63, BF 10 >3.6). Therefore, the persistent increase in freezing following 315 retrieval-conditioning was blocked specifically by pre-retrieval intra-hippocampal infusion of -lac. Therefore, the increased memory expression at test in the retrieval-conditioning groups is highly likely 332 due to a reconsolidation-mediated updating process.
334
Contextual fear strengthening depends upon the nature and order of retrieval and conditioning 335 The retrieval-conditioning groups were compared against additional groups to investigate whether the 336 nature of the sessions (i.e. retrieval vs conditioning) and the order of presentation (i.e. retrieval prior to 337 conditioning) is important for the strengthening effect. For the 15-min interval, comparison groups 338 included retrieval-retrieval and conditioning-retrieval groups (Fig 2A) . A significant main effect of 339 group was observed (F(2,21)=10.23, p<0.001,  2 p =0.49, BF Inclusion =30.8), with no effect of session or 340 group x session interaction (F's<2.7, p's>0.11, BF Inclusion <1.8). Post-hoc comparisons (p<0.05, Cohen's 341 d>0.62, BF 10 >25.9) confirmed that the retrieval-retrieval group froze at lower levels than both retrieval-342 conditioning and conditioning-retrieval. Therefore, spacing of retrieval and conditioning resulted in 343 greater memory strengthening that could not be attributed simply to the spaced retrieval opportunity. 344 There was no difference, however, between the retrieval-conditioning and conditioning-retrieval groups 345 (BF 10 =0.62), suggesting that the order of presentation of retrieval and conditioning might not be 346 important for memory strengthening, at least for the 15-min interval.
348
For the 1-hr interval, we again included a conditioning-retrieval comparison, as well as a conditioning-349 conditioning group (Fig 2B) Given the effect of retrieval-conditioning to strengthen hippocampal contextual fear memories, we 369 conducted a conceptual replication applying an analogous retrieval-relearning procedure to an 370 experimental human episodic memory paradigm. Using single-trial paired associate learning of 371 background scenes and target images, a relatively poor episodic memory was initially learned (mean 372 17.9 out of 40 associates recalled immediately after learning across all groups). This allowed for the 373 detection of quantitative memory improvements at a later test ( Fig 3A; strengthening score = test 374 performance -learning performance). In an initial experiment, a retrieval-relearning group (with an 375 interval of 10 min) was compared against groups receiving individual retrieval or relearning 376 experiences, as well as the reverse relearning-retrieval order and a non-memory control ( Fig 3B) . One-377 19 way ANOVA revealed a significant effect of group on the memory strengthening (F(4,90)=51.7, 378 p<0.001,  2 p =0.70, BF 10 =2.3x1019), with planned comparisons (p's<0.05, BF 10 's>5.8) confirming that 379 the retrieval-relearning group improved to a greater extent than the relearning-alone, retrieval-alone and 380 control groups. Exploratory post-hoc analyses revealed, surprisingly, that the retrieval alone group had 381 no performance benefit over the control group (p=0.55, BF 10 =0.67), and both groups in fact displayed 382 poorer memory performance at test compared to immediately after learning.
384
The primary conclusion from these initial results is that two experiences are more beneficial to memory 385 improvement than a single or no retrieval or relearning opportunity. It is not clear, however, whether it is 386 the different nature of the two experiences that contributes to the magnitude to memory strengthening. 387 Therefore, we tested two further conditions, in which two identical experiences were repeated -388 retrieval-retrieval and relearning-relearning. There was a significant difference between the retrieval-389 retrieval and relearning-relearning groups ( Fig 3C: F(1,36) =103.9, p<0.001,  2 p =0.74, BF 10 =1.4 x109), 390 with the retrieval-retrieval group showing no evidence of memory strengthening, in comparison to the 391 substantial improvement displayed by the relearning-relearning group. An exploratory analysis of all 392 four double-experience groups confirmed that there were equivalent levels of memory strengthening in 393 all but the retrieval-retrieval group (F(3,72)=50.4, p<0.001,  2 p =0.68, BF 10 =4.0x1014; post-hoc tests, 394 p's<0.001 & BF 10 's>1.2x108 for differences to the retrieval-retrieval group, p's>0.61 & BF 10 's<0.57 for 395 equivalences). Therefore, it is not simply the increased number of experiences that are conducive to 396 memory strengthening, but their nature is an important factor. 397 398
Given that the combination of retrieval and relearning is important for memory strengthening, we again 399 exploited the time-dependent nature of reconsolidation updating to determine whether relearning needs 400 20 to be presented within the reconsolidation window (Schiller et al., 2010) . We also tested whether a 401 similar temporal requirement applied to the memory strengthening observed for relearning-retrieval. 402 Therefore, retrieval-6hr-relearning and relearning-6hr-retrieval groups were compared against the 403 original relearning alone, retrieval-relearning and relearning-retrieval groups (Fig 3D) . ANOVA 404 revealed a significant difference between the groups (F(4,90)=10.99, p<0.001,  2 p =0.33, 405
